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1 Introduction

At RAN1 meeting #33, a better modeling of the channel quality indication (CQI), for an OFDM-based HSDPA, was introduced in the OFDM simulation methodology. Nortel Networks proposed a CQI, based on 2 measurements, exhibiting a good correlation with the BLER measured at the decoder output. This CQI allowed a refinement in the simulation methodology ‎[1] and in the previously presented simulation results. At the same meeting, further details were requested on the channel quality indicator. This document provides such explanations, with a focus on the interface between the link-level and system-level simulations for OFDM, and on the associated proposed CQI.

2 Review of the OFDM System Methodology
2.1 Background

In the evaluation of the OFDM and WCDMA air interfaces, simulations are used to assess the performance of the respective techniques. The overall purpose is to understand, on a system-wide basis, what the air interface offers from the point of view of throughputs, delays, and coverage. In order to make the simulation times reasonable, these simulations are split into two different types of simulations – link-level and system-level simulations.

Link-level simulations model the link between one Node B and one UE. Despite the fact that the link-level simulations only model a single link, they are still quite complicated and take a significant amount of time to run, because they model all of the signal processing steps at the Node B transmitter and UE receiver. The output of a link-level simulation is the sub-frame error rate (or other bit or block error rate measure) as a function of the channel and interference/noise conditions. More specifically, every sub-frame (2 msec) a determination is made whether or not the block (i.e. sub-frame) is in error. This information is logged along with measures of the instantaneous channel and signal-to-noise ratio (SNR) that existed in this particular sub-frame. These logged values are then post-processed to generate an average sub-frame error rate as a function of the channel and SNR conditions. 
System-level simulations follow the link-level simulations as shown in Figure 1. The system-level simulations model the multi-user environment, and are able to generate the system-wide performance measures that one is interested in (throughput, delay, etc.). The system-level simulator drops many users within an arrangement of cells and models at a higher level the links between the UEs and their respective basestations. The system-level simulator models the propagation environment, including path loss, shadowing, and fading. It also models the hybrid ARQ, and multi-user scheduling. What it does not do is generate a stream of bits, or an actual signal, for any of the users. Rather, it models the signal powers and the interference that each user experiences and it uses the link-level simulation results to determine, given the instantaneous channel and interference (plus noise) conditions, whether a sub-frame is in error or not. It is because the system-level simulator is modeling such a large number of users, with fairly long call durations, that it becomes infeasible to model all of the link-level signal processing within the system-level simulator. Instead, it uses the link-level results to model the performance of the UE channel decoding as a function of the channel and interference.

[image: image1]
Figure 1: Overall Simulation Approach

2.2 OFDM Link-Level / System-Level Interface – the OFDM CQI
The link-level and system-level simulations are connected or bridged together via a set of performance curves. These performance curves show the sub-frame error rate as a function of the instantaneous channel and the instantaneous SNR. In the link-level simulations, the additive white Gaussian noise represents the total noise-plus-interference, and so a measurement of the SNR in the link-level simulator corresponds to a measurement of the carrier-to-interference (C/I) ratio in the system-level simulator. As for the instantaneous channel, it isn’t feasible to determine the sub-frame error rate as a function of the channel impulse response itself, as there are an infinite number of possible channel impulse responses. Rather, some measure of the channel must be made that effectively represents the “quality” of that channel from the point of view of the decoder. A good channel quality measure is one for which the sub-frame error rate is strongly correlated. Expressed another way, a good channel quality measure is one for which the variance in the sub-frame error rate is small when expressed as a function of that measure.
There are fundamental differences between OFDM and WCDMA. In WCDMA each symbol in a code block is spread across the entire frequency band. What this means is that, given that the channel doesn’t change too quickly, each symbol in a code block has the same C/I at the output of the RAKE (or other receiver). When these symbols are presented to the decoder, this single quantity, the C/I, is sufficient to estimate the BLER expected at the output of the decoder. Therefore, the C/I is all that is required to determine the CQI for WCDMA.

In OFDM, however, each symbol is not spread across the full frequency band. Rather, each symbol exists in a very narrow frequency band. Each symbol experiences flat fading and the degree to which symbols in different parts of the frequency band are dependent is a function of their frequency separation and the coherence bandwidth of the channel. It is through coding that frequency diversity is achieved as code blocks extend across the frequency band. What this means is that individual bits in a code block will have different C/I values and, in fact, the C/I values will have some probability distribution. Figure 2 illustrates this distinction in the distribution of C/I values across the bits in a code block for WCDMA and OFDM. Note that the decoding block is common to WCDMA and OFDM.

In the WCDMA case, all code bits input to the decoder have the same C/I value and so the C/I value is sufficient to estimate the BLER at the output of the decoder. In the OFDM case the code bits into the decoder have a probability distribution. A symbol interleaver across the frequency domain is used to randomize the location of the high and low C/I values between sub-frames. This ensures that it is only the probability distribution of the C/I values, and not the specific locations of high and low C/I values within the code block that determines the average performance of the decoder. 




For OFDM, a first order estimate of the BLER at the output of the decoder may be obtained by using the average C/I to model the probability distribution. A better estimate of the BLER may be made, however, by taking into account higher order moments of the C/I probability distribution. In particular, the variance (or a similar 2nd moment-type measure) of the C/I may be used as a second measure, that together with the average C/I, yields a two dimensional model that more accurately estimates the BLER at the output of the decoder. Recognizing that the C/I values for OFDM symbols in a code block have a probability distribution leads one to understand how the first and second moments are natural measures to characterize this distribution, and hence use for an OFDM system-level modelling of link-level performance and the associated CQI. Of course, other higher order moments (3rd, 4th, etc.) may be utilized to further characterize the probability distribution and lead to even better modelling of the link performance but there is a diminishing return – the average C/I and the variance, or standard deviation of the C/I, are sufficient, natural measures that appear to provide a good simulation model and CQI. Appendix 1 gives the precise equations used to compute the OFDM CQI in the proposed OFDM simulation methodology.
At RAN 1 Meeting #33 Nortel Networks presented OFDM link-level simulation results with the sub-frame error rate expressed as a function of the C/I and standard deviation ‎[3]. These results were presented for each channel separately – Pedestrian A, and Pedestrian B at 3 km/h and Vehicular A at 30 km/h and 120 km/h. One question raised at meeting #32 was why results were presented separately for each channel model if the OFDM CQI is able to characterize the performance independent of the channel. The reason these simulation results were presented separately for each channel model is that each channel model spans a different range of standard deviation values and these ranges don’t overlap well. Figure 3 shows the probability distribution functions (pdfs) of the standard deviation for the 3 km/h channels, Pedestrian A and Pedestrian B. Note that the pdfs do not overlap to any significant extent.
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Figure 3: Probability Distribution Functions of the Standard Deviation for the Pedestrian A and B Channels.
For meeting #34, additional simulations have been run to fill in the region between the Pedestrian A and B channels, by running the Vehicular A channel at 3 km/h. This has allowed for the generation of a 3-dimensional sub-frame error rate curve that is independent of the channel. One such 3-dimensional plot is shown in Figure 4 for QPSK rate 1/2 coding. Figure 5 below it shows the same data expressed as a series of 2-dimensional plots. Each 2-dimensional curve represents the block error rate as a function of SNR for one standard deviation value.
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Figure 4: 3-Dimensional Plot of BLER as a function of SNR and Standard Deviation
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Figure 5: 2-Dimensional Series of Plots of BLER as a function of SNR and Standard Deviation
2.3 Practical Implementation of the OFDM CQI
Consider first the 1-dimensional case currently used for WCDMA. At the UE, the C/I is measured at the output of the detector and then a 1-dimensional table that quantizes this C/I value, is looked into, to determine what the optimal modulation and code set should be. As specified in ‎[2] the value in the look-up table is a CQI value which corresponds to a particular modulation and code set. A 2-dimensional table operates in exactly the same way, but obviously with a 2nd dimension, the standard deviation measure. This is quantized, just as the C/I is, to give a 2-dimensional look-up table indicating the CQI value for the current C/I and standard deviation. Figure 6 illustrates the idea behind these 1-dimensional and 2-dimensional tables. The thresholds for the C/I and standard deviation values are obtained from a contour plot such as the one shown in Figure 7, where the contours have been obtained from the 3-dimensional plots of each modulation and code set such as the one illustrated in Figure 4.

Note that there isn’t any additional signalling for the OFDM case versus the WCDMA case. The same set of possible CQI values occupy the contents of the two tables and are the bits signalled back to the Node B. 
[image: image5]
Figure 6: Illustration of a 1-Dimensional and 2-Dimensional Modulation and Code Set Look-up Table
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Figure 7: Contour plot indicating the areas, in the Std Deviation vs C/I plane, for different modulation and code sets.
3 Conclusions

This document provides a further explanation regarding the proposed simulation methodology for OFDM. In particular the document describes in detail the interface between the link-level and system-level simulations for OFDM and the proposed CQI. For OFDM, in the presence of frequency selective fading, the C/I on the received coded bits is not uniform and follows a certain probability distribution. The first and second moments of this probability distribution are fundamental measures to characterize this distribution. The investigations of the decoder performance also indicate that a combination of these moments provide together a good characterization of the BLER at the decoder output. The average C/I and variance, or standard deviation, of the C/I are also good measures for the interface between the link-level and system-level simulations and the associated CQI. The proposed CQI based on the 2 measures possesses the characteristics that it is invariant to the channel model, and that it reuses the same CQI feedback signalling for HSDPA.
4 References

[1] 3GPP TSG-RAN-1, Nortel Networks, “Nortel Networks’ Reference Simulation Methodology for the Performance Evaluation of OFDM/WCDMA in UTRAN”, Document R1-030785, Meeting #33, New York, NY, USA, August 2003.

[2] 3GPP, “TS 25.214: Physical Layer Procedures (FDD)”, Version 5.5.0, June/2003.

[3] 3GPP TSG-RAN-1, Nortel Networks, “Performance Evaluation for OFDM and WCDMA in UTRAN: Supplement A – Link-Level Performance Curves”, Document R1-030787, Meeting #33, New York, NY, USA, August 2003.  

Appendix 1: Detailed OFDM CQI Description

The OFDM CQI is based on two measurements. The first is an SNR in the link-level which corresponds to the C/I in the system-level simulator. The second measure is the standard deviation of the amplitude of the channel frequency response, when expressed in the log domain (i.e. in decibels), across the useful sub-carriers. This standard deviation is very straightforward to calculate. First, the channel frequency response is determined. In OFDM this step must already be performed in order to determine the coefficients for channel equalization. The amplitude of this channel frequency response is calculated and converted to decibels. Figure 8 illustrates an example channel frequency response. Shown in Figure 8 is the amplitude of the channel frequency response in decibels plotted as a function of the sub-carrier index (with 1024 sub-carriers in this example as one would have for OFDM parameter set 2). Let HdB(k) symbolically represent this amplitude of the channel frequency response, in decibels, as a function of sub-carrier index k (k = 1,…,kmin,…,kmax,…,NFFT, where NFFT is the number of sub-carriers in the whole band). Now, not all sub-carriers are used to carry traffic. Let kmin and kmax represent the indices defining the range of useful sub-carriers and let Nu represent the number of useful sub-carriers (Nu = kmax – kmin + 1). The standard deviation can then be computed using the standard equation used for calculating this quantity:
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 is the mean of the log amplitude of the channel frequency response across the useful sub-carriers. Note that in practice, a subset of the Nu useful sub-carriers could be used to evaluate the standard deviation.
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Figure 8: Example channel frequency response (ITU Pedestrian B).
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Figure � SEQ Figure \* ARABIC �2�: Distinction Between WCDMA and OFDM in the Distribution of the Post-Rx C/I
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